Dinoflagellate bioluminescence serves as a model system for examining mechanosensing by suspended motile unicellular organisms. The response latency, i.e. the delay time between the mechanical stimulus and luminescent response, provides information about the mechanotransduction and signaling process, and must be accurately known for dinoflagellate bioluminescence to be used as a flow visualization tool. This study used a novel microfluidic device to measure the response latency of a large number of individual dinoflagellates with a resolution of a few milliseconds. Suspended cells of several dinoflagellate species approximately 35 μm in diameter were directed through a 200 μm deep channel to a barrier with a 15 μm clearance impassable to the cells. Bioluminescence was stimulated when cells encountered the barrier and experienced an abrupt increase in hydrodynamic drag, and was imaged using high numerical aperture optics and a high-speed low-light video system. The average response latency for Lingulodinium polyedrum strain HJ was 15 ms (N>300 cells) at the three highest flow rates tested, with a minimum latency of 12 ms. Cells produced multiple flashes with an interval as short as 5 ms between individual flashes, suggesting that repeat stimulation involved a subset of the entire intracellular signaling pathway. The mean response latency for the dinoflagellates Pyrodinium bahamense, Alexandrium monilatum and older and newer isolates of L. polyedrum ranged from 15 to 22 ms, similar to the latencies previously determined for larger dinoflagellates with different morphologies, possibly reflecting optimization of dinoflagellate bioluminescence as a rapid anti-predation behavior.
INTRODUCTION
All organisms and cells sense external stimuli and respond to changes in their environment. Sensing of mechanical stimuli serves in the detection of vibrations and sound, acceleration, gravity, proprioreception, pressure and fluid flow. In multicellular organisms, the mechanosensory system usually involves sensory cells, a neural network, and effectors such as muscle. Each system component introduces a lag between application of the stimulus and the physiological response. This lag, known as the stimulus response latency, provides crucial information on the processing and functionality of the sensory system (Friedman and Priebe, 1998) . It also provides a sensitive sublethal assay for determining how sensory systems are affected by environmental conditions (Preuss and Faber, 2003) and contaminants (Levin et al., 2003; Clotfelter and Rodriguez, 2006) . Of ecological significance is the behavioral response latency, the delay between stimulus and behavioral response. Some rapid predator escape behaviors of aquatic animals involve very short response latencies of <30 ms (Wine and Krasne, 1972; Blaxter and Batty, 1985; Eaton et al., 1988; Zoran and Drewes, 1988; Hartline et al., 1999; Lenz and Hartline, 1999; Buskey et al., 2002; Buskey and Hartline, 2003; Preuss and Faber, 2003) .
Mechanosensing also plays important roles for individual cells of multicellular organisms and for unicellular organisms. Endothelial cells attached to the walls of blood vessels are subjected to fluid shear stress due to blood flow (Frangos, 1993) , causing a number of rapid and long-term physiological, morphological and gene expression changes (Reinhart, 1994; Gudi et al., 1996; Chien et al., 1998; Chen et al., 2001) . Suspended unicellular organisms such as ciliates and some flagellates use escape jumps to avoid predator feeding currents (Jakobsen, 2001; Jakobsen, 2002) , whereas luminescent dinoflagellates use light flashes to disrupt predator feeding behavior .
Dinoflagellate bioluminescence is a fascinating model system for mechanosensing. Dinoflagellates, the most common sources of bioluminescence in coastal waters (Staples, 1966; Tett, 1971) , use light emission as an anti-predator strategy. The mechanical stimulus from predator contact is thought to cause cell deformation that activates the mechanotransduction pathway. The luminescent response has a 'flash bulb' effect, disrupting the feeding behavior of a predator and leading to a decrease in grazing (Esaias and Curl, 1972; White, 1979) . Bioluminescence can also act as a 'burglar alarm' to attract secondary predators, increasing the risk to the dinoflagellate grazer (Morin, 1983; Mensinger and Case, 1992; Abrahams and Townsend, 1993; Fleisher and Case, 1995) . In addition to its role in predator-prey interactions, dinoflagellate bioluminescence is also stimulated by flow stresses of different origins that have sufficient magnitude to cause cell deformation. This type of stimulation is most commonly associated with high shear flows that are created in boundary layers around swimming animals (Hobson, 1966; Rohr et al., 1998) , in ship wakes (Rohr et al., 2002) and in breaking surface waves (Stokes et al., 2004) , leading to spectacular displays of bioluminescence during periods of high cell abundance (Staples, 1966; Rohr et al., 1998; Latz and Rohr, 2005) .
The bioluminescence of dinoflagellates is stimulated by the velocity gradient rather than absolute flow velocity Maldonado and Latz, 2007) and can thus serve as a reporter of local velocity gradients and hydrodynamic stresses, making it a unique tool for both field Rohr et al., 2002) and laboratory (Chen et al., 2003; Stokes et al., 2004) flow visualization. Based on laboratory studies using well-characterized flow fields (Latz et al., 1994; Latz and Rohr, 1999; Latz et al., 2004a; Latz et al., 2004b) a statistical model has recently been developed that predicts bioluminescence intensity as a function of shear stress level and cell concentration (Deane and Stokes, 2005) . This model has been used to infer flow properties from bioluminescence intensity in flows not amenable to conventional measurements. Nevertheless, if dinoflagellates do not respond instantaneously to the stimulus, in high-speed flows the location where the flash response is observed can be substantially downstream of the location where a cell is stimulated by high local shear.
A delay between stimulation and light emission reflects the dynamics of mechanotransduction and of activation of cellular signaling pathways. High mechanical stress increases the fluidity of the dinoflagellate plasma membrane (Mallipattu et al., 2002) , causing activation of GTP-binding proteins (Chen et al., 2007) and a calcium flux, mainly from the release of Ca 2+ from intracellular stores . The calcium flux leads to the generation of an action potential at the tonoplast, the membrane surrounding the vacuole (Eckert, 1966; Widder and Case, 1981a) , causing a proton flux from the vacuole to cytoplasm (Nawata and Sibaoka, 1979 ) and a decrease in cytoplamic pH. Acidification acts on scintillons, vesicles in close proximity with the vacuole that contain the chemicals involved in the luminescent reaction (Johnson et al., 1985; Nicolas et al., 1991) . Low pH activates luciferase, inactive at physiological pH, which catalyzes the luminescent reaction (Hastings and Dunlap, 1986) . In Lingulodinium polyedrum, low pH also dissociates the luciferin substrate from its binding protein (Fogel and Hastings, 1971 ) and makes it available for oxidation, leading to light emission. The response latency represents the total duration of all these signal transduction events.
Using individual restrained dinoflagellate cells impaled with an electrode, the response latency to mechanical stimuli was previously estimated at ~20ms for the heterotrophic Noctiluca scintillans (Eckert, 1965b; Eckert and Sibaoka, 1968) and the autotrophic Pyrocystis fusiformis (Widder and Case, 1981a) . These are large, non-motile, non-thecate species reaching dimensions up to 1 mm. For a flow speed of 2 m s -1 , a response latency of 20 ms corresponds to a downstream translation of 4 cm, a distance over which flow properties can change considerably. Statistically robust measurements of the response latency are needed for motile unrestrained dinoflagellates used for luminescent flow visualization and for correlating their bioluminescent flash responses with flow properties.
To measure the latency of response of dinoflagellates to hydrodynamic stresses with high resolution, a few basic experimental conditions must be met. First, the exposure of dinoflagellates to the stresses must occur over a time interval much shorter than the expected response latency, i.e. less than 5-10 ms, and the moment of exposure needs to be recorded with a high accuracy. Second, the light emitted by individual dinoflagellates needs to be measured with high temporal resolution. As the total number of photons emitted in one flash event is relatively small, it is important to collect the emitted light efficiently using high numerical aperture (NA) optics. Both conditions are difficult to meet using the conventional table-top flow setups. Hydrodynamic stress applied by starting a flow (e.g. by switching on rotation in a Couette flow system) is only established after a characteristic transient time t=d 2 /ν, where ν is the fluid kinematic viscosity (10 -6 m 2 s -1 for water at 20°C) and d is the characteristic size of the flow setup (e.g. the size of the annular gap for a Couette flow system). Even in the smallest flow setup used previously (von Dassow et al., 2005) , the transient time was 400 ms, much longer than the estimated latency time. In addition, table-top setups are incompatible with the standard high-NA short working distance microscope objectives, and the light emitted by luminescent cells is usually collected rather inefficiently with low-NA long working distance optics.
To meet the basic experimental conditions, we performed the experiments using a novel microfluidic setup. Microfluidics involves the study and application of flow in various arrangements of microscopic channels. The advent of microfluidic systems has led to a growing number of biological applications in the areas of cell culture, flow cytometry, cellular biosensors, immunoassays, enzyme assays and cellular chemotaxis (Stone et al., 2004; El-Ali et al., 2005; Huh et al., 2005; deMello, 2006; Whitesides, 2006) . Flows of liquids in microscopic channels are almost always laminar, linear and stable. Therefore hydrodynamics stresses in the flow can be controlled with high precision (e.g. kept constant over extended periods of time and quickly switched when needed) and reproduced with high accuracy. Microfluidic flows with controlled stresses have been applied to studies of the strength of adhesion of fibroblasts (Lu et al., 2004) and neutrophils (Gutierrez and Groisman, 2007) to a substrate, shear stress responses of endothelial cells and hepatocytes (Tanaka et al., 2006) attached to a substrate, deformation of erythrocytes under shear (Zhao et al., 2006) , swimming of microorganisms (Marcos and Stocker, 2006) , and the effect of transient hydrodynamic forces on cell lysis of microalgae (Hu et al., 2007) .
The primary technical goal of our study was to test the feasibility of using microfluidic technology to apply well-defined mechanical stimuli to cells with a short inception time and to observe the responses of a large number of individual cells with millisecond resolution. The primary scientific objective was to obtain precise measurements of the response latency of mechanically stimulated bioluminescence from different species of motile dinoflagellates. To achieve these goals, we used a continuous flow in a microfluidic device with channels of two separate depths that created a barrier impenetrable to the dinoflagellates while allowing the flow to pass through. When individual cells were brought by the flow to the barrier, they came to a sudden stop and were exposed to an abrupt increase in hydrodynamic stress, with a transition time on the order of 1 ms, that triggered their bioluminescent response. The impulse associated with the impact did not play a significant role in triggering the bioluminescence. Immobilization of the dinoflagellates at the barrier greatly facilitated observation of their bioluminescence, which was measured with a temporal resolution as high as 4 ms. In this initial study, we focused on the response latency, flash duration, characteristic number of flashes per cell and the intervals between flashes, while other parameters such as the temporal pattern of flash intensity were not considered.
The main species investigated was Lingulodinium polyedrum (Stein) Dodge 1989, one of the most well-studied dinoflagellates in terms of general biology (Lewis and Hallett, 1997) and flow responses (Latz et al., 1994; Juhl et al., 2000; Juhl and Latz, 2002; Latz et al., 2004a; Latz et al., 2004b) . L. polyedrum is a coastal species, 35 μm in diameter (Kamykowski et al., 1992) , that is responsible for extensive blooms (Harrison, 1976; Gregorio and Pieper, 2000) with dramatic nighttime displays of bioluminescence (Latz and Rohr, 2005 
MATERIALS AND METHODS

Test organisms
The dinoflagellates tested are all motile thecate coastal species, approximately 35 μm in cell diameter. Three non-axenic, unialgal strains of Lingulodinium polyedrum (formerly Gonyaulax polyedra) collected from the Scripps Pier (La Jolla, CA, USA) were tested because the phenotype of a dinoflagellate, including its bioluminescence, can be affected by the time the dinoflagellate strain has been in culture (Sweeney, 1986; Shankle, 2001; von Dassow et al., 2005) . Therefore, we measured the response latencies of newer and older strains of L. polyedrum isolated from the Scripps Pier: strain CCMP407, isolated in 1970 by B. Sweeney; strain HJ, also referred to as strain LpSIO95 (Jeong et al., 2005) , isolation date unknown; and strain CCMP1932, isolated in 1998 by A. Shankle. The CCMP designation refers to strains maintained by the ProvasoliGuillard National Center for Culture of Marine Phytoplankton (http://ccmp.bigelow.org). Other dinoflagellates tested were a strain of Alexandrium monilatum isolated in 2000 from the Mississippi Sound, USA, by J. Rogers (Juhl, 2005) , and Pyrodinium bahamense isolated in 2000 from Bahía Fosforescente, La Parguera, PR, USA by A. Juhl. P. bahamense and A. monilatum were grown in f/2 medium (Guillard and Ryther, 1962 ) minus silicate at a temperature of 26°C, whereas the L. polyedrum strains were grown in halfstrength f/2 medium at 20°C. All cultures were grown on a 12 h:12 h light:dark cycle. Only cultures in mid-exponential growth phase, i.e. 5-20 days after inoculation, were used. Cell concentrations were determined from cell counts of defined volumes (usually 10 μl) in a multi-well slide under the microscope. Toward the end of the light phase, when dinoflagellate bioluminescence is not mechanically stimulable (Biggley et al., 1969) , a sample from the desired culture at a concentration of 2000-15,000 cells ml -1 was loaded into a 60 ml plastic syringe that was covered with opaque material at the beginning of the dark phase.
Microfluidic apparatus
The microchannel device had two inlets, two outlets, and channels of two different depths, 15 and 200 μm (Fig. 1) . It was made out of a lithographically micro-machined polydimethylsiloxane (PDMS) chip sealed with a no. 1.5 microscope cover glass, using a fabrication procedure described elsewhere (Simonnet and Groisman, 2005) . Flow in the microchannels was driven by setting differences in hydrostatic pressure between the inlets and outlets of the device ( Fig. 1) (Groisman et al., 2003) . The dinoflagellate cell suspension and filtered seawater were kept in four 60 ml plastic syringes, which were held upright. The syringe with the cell suspension was connected to inlet 1, and the three syringes with filtered seawater were connected to inlet 2 and outlets 1 and 2 (Fig. 1) . The syringe linked to outlet 1 was connected through a solenoid valve to a source of compressed air with regulated pressure, P g , which allowed the pressure at the outlet 1 to be increased by P g for a pre-set amount of time.
The microfluidic device was designed to abruptly expose dinoflagellates to an adjustable level of mechanical stress and to create reproducible flow conditions for measuring the individual responses from large numbers of cells in repeated experiments. In the upstream part of the test region, channel 1, which is fed by inlet 1, merges with side channels 2 and 3, which are both fed by inlet 2 (Fig. 1C) . The three merging channels form a single channel 4, which is 600 μm wide. decreased to 15 μm, creating a barrier that is impenetrable to the cells, which are approximately 35 μm in diameter (Fig. 1D ). When the stream of the cell suspension from channel 1 enters channel 4, it is hydrodynamically focused between the streams of seawater from channels 2 and 3 and directed toward the center of the barrier. Observations showed that all dinoflagellates stopped at the entrance to the 15 μm deep section of channel 4 and rested in mechanical contact with both the barrier (wall in the yz-plane) and the bottom of the channel (wall in the xy-plane; Fig. 1D ). Therefore, the drag force experienced by a cell at the barrier was largely independent of its original trajectory inside channels 1 and 4.
A cell passively flowing in a deep rectilinear channel, such as channel 1, moves with the average velocity of the liquid around it and thus experiences no net hydrodynamic drag. A mechanical stimulus applied to the cell originates from velocity gradients in the flow and the resulting shear stresses. When the cell arrives at the barrier, its motion stops and it is abruptly exposed to a hydrodynamic drag that originates from the flow of liquid around the stationary cell and is proportional to the characteristic velocity of this flow. The mean flow velocity under the barrier is a factor of h 0 /h b ≈13 higher than the mean flow velocity in the channel 4. Therefore, the drag experienced by the cell at the barrier is particularly high and the arrival of the cells at the barrier triggers the bioluminescence response. The drag remains constant the entire time a cell stays at the barrier, eliciting multiple bioluminescent flashes by some cells (see below). An analysis of stimuli applied to a cell at the barrier and in a selected position upstream of the barrier is presented in the Numerical simulations subsections of Materials and Methods and Results.
The width of the cell-laden stream in channel 4 and at the barrier depends on the ratio of volumetric flow rates in channel 1 and channels 2 and 3, which is adjusted by varying pressures P 1 and P 2 at inlets 1 and 2, respectively. The width is normally three to five times smaller than the 150 μm width of channel 1, and the mean flow velocity in channel 1 is three to five times less than the velocity in channel 4. The resulting shear stress experienced by cells in channel 1 (<0.3 N m -2 ) is lower than the luminescence response threshold for L. polyedrum (Latz et al., 1994; Latz and Rohr, 1999; Latz et al., 2004b) so the probability of premature stimulation of bioluminescence is minimal. Excessive reduction of the flow rate in channel 1 would be undesirable, however, because of the concomitant decrease in the number of cells reaching the test region per unit time. Channel 1 has a total length of 110 cm (Fig. 1B) and occupies most of the area of the microfluidic device. This long length is necessary to provide large flow resistance at low shear rate and to provide sufficient resolution when adjusting the rate of flow in channel 1 by varying P 1 .
The flow in the device was steady, and cells were continuously arriving at the barrier. To prevent their accumulation at the barrier, which would alter the flow conditions, cells were removed from the test region a few seconds after their arrival by applying pressure P g to outlet 1 for 1-3s (Fig.1B) causing cells to be evacuated through channel 5 towards outlet 2.
Numerical simulations
The goal of the numerical simulations was to evaluate forces acting on a dinoflagellate approaching and encountering the barrier. The domain of the simulations was a 150μm long fragment of the 600μm wide, 200 μm deep channel 4 immediately upstream of a 25 μm long fragment of the barrier (15 μm deep; see Fig. 2A ). A dinoflagellate was modeled as a sphere with radius (R) of 17.5 μm. The model dinoflagellate was placed in the xz-plane of symmetry of the channel (Fig. 2A) .
The simulations were performed using the commercial finite element solver Comsol 3.2 (Femlab). Because of the curved boundary of the sphere representing the dinoflagellate, tetrahedral unstructured meshes were used and the mesh size was decreased in the vicinity of the sphere and of corners by the Comsol gridder. The boundary conditions were no slip on lateral walls (boundaries parallel to the xy-and xz-planes) and on the surface of the sphere. Different constant pressures were assigned to the entrance and the exit planes (boundaries parallel to the yz-plane), with the difference in the pressures driving the flow. The dynamic viscosity was taken to be 0.001 kg m -1 s -1 corresponding to seawater at 20°C (Vogel, 1981) . The convergence and accuracy of the simulations was tested by comparing the results obtained with different mesh resolutions and gridding strategies. In addition, we verified that the y-component of the force and the x and y components of the torque applied by the flow to the sphere are close to zero.
The numerical simulations were performed for two different situations: with the sphere at the barrier and with the sphere approaching the barrier. In the former case, the sphere was assumed to be at rest, touching both the barrier and the lower boundary of the channel ( Fig. 2A) , and the total force exerted on the sphere by the flow was calculated. For the latter case, we took the sphere to be 30 μm in front of the barrier and 30 μm above the lower boundary of the channel (the center of the sphere at 47.5 μm in front of the barrier and 47.5 μm above the lower boundary). We calculated the translational and angular velocities of the sphere, assuming that the inertial forces were negligible compared with the viscous forces and thus both the net force and net torque exerted on the sphere by the flow were zero. The computation was done iteratively. The translational and angular velocities of the sphere, v and ω, were assigned initial values of zero. At each iteration, the values of the force and torque, F and T, exerted on the sphere by the flow were calculated, and v and ω were updated according to v
-aF (i) and ω ), and the final values of v and ω together with the flow velocity field after 25 iterations were used to calculate the forces applied to the sphere by the flow.
Imaging setup
The microfluidic device was mounted on the mechanical stage of a Zeiss Axiovert 135 inverted microscope (Carl Zeiss, Thornwood, NY, USA). To be able to record the arrival of dinoflagellates at the barrier, a low-level bright-field illumination was used. The test region was viewed using a 63ϫ/1.4 or 40ϫ/0.75 objective lens and a high-speed low-light video system consisting of a GENIISYS intensifier (DAGE-MTI of MC, Michigan City, IN, USA) coupled to an AVT Marlin F-033B digital video camera (Allied Vision Technologies GMBH, Stadtroda, Germany). The camera was computer-controlled via an IEEE 1394 interface with LabView IMAQ code (National Instruments Corporation, Austin, TX, USA). The images of the test region with luminescent cells were typically taken at a rate of 250 frames s -1 with a frame size of 96ϫ640 pixels.
Data acquisition and analysis
A custom LabVIEW (National Instruments, Austin, TX, USA) virtual instrument (VI) provided control over video capture and camera parameters, such as frame rate, exposure time, and size of the region of interest. Video frames were collected in a 200-300 frame buffer; when a flash occurred, the buffer contents were saved to the computer hard drive. We used Vision Assistant 7.1 (National Instruments Corporation, Austin, TX, USA) to analyze the video sequences. To evaluate the latency in the bioluminescent response, the number of frames between the arrival of the cell at the barrier and the initiation of a flash was counted. The latency was calculated as the number of frames multiplied by the known interval between frames (the inverse of frame rate). For the video rate of 250framess -1 , a three-frame delay resulted in an estimated response latency of 12ms (see Fig.3 ). The error associated with this method was caused by two uncertainties. One uncertainty was associated with the difference between the actual time of arrival of the cell at the barrier and the middle time point of the frame where the cell was first seen at the barrier. The other uncertainty was the difference between the actual beginning of the flash and the middle time point of the first frame with visible luminescence. Each of the uncertainties was estimated as a half of the interval between frames, and because the two uncertainties were independent from each other, the total error in the latency was estimated as 0.7 of the interval between frames, i.e. 3ms for the frame rate of 250framess -1
. To evaluate the duration of a flash, we counted the number of frames between the first frame with visible luminescence and the first frame where luminescence could not be seen any more. Finally, the interval between consecutive flashes was evaluated by counting the number of frames between the first frame with no luminescence (end of one flash) and the first frame with luminescence from the subsequent flash.
The flow velocity within the microfluidic device was measured using 1 μm diameter fluorescent beads (Bangs Laboratories, Inc., Fishers, IN, USA) as tracer particles. These measurements were done independently of the cell flashing experiments but under the same experimental conditions (driving pressures). The velocity of the beads was measured downstream of the barrier in channel 4 (Fig. 1C) , where the flow channel dimensions were constant at 600 μm wide and 200 μm high. To evaluate the maximal flow velocity, v max , we measured the length of the longest streaklines, corresponding to beads near the central axis of the channel. Knowing the maximum flow velocity and channel dimensions, the entire distribution as well as average flow velocity in the channel and volumetric flow rate can be calculated using the equations for fully developed laminar flow (White, 1991) .
Values are expressed as mean ± s.d. unless otherwise stated. Statistical comparisons were done using Statview software (SAS Institute, Inc., Cary, NC, USA) and involved one-way analysis of variance (ANOVA) with post-hoc pairwise comparisons using Fisher's protected least significant difference (PLSD), or unpaired t-tests. Statistical significance was based on a P value of 0.05.
RESULTS
Numerical simulations
Numerical simulations were performed for maximum flow velocities, v max , of 10, 20, and 40 mm s -1 in the 200 μm deep portion of channel 4. Because the characteristic Reynolds number (Re) in the flow, Re=v max h/ν, was always low (Re~4 at v max =20 mm s -1 ), a linear flow regime was expected. Indeed, the force exerted by the flow at the sphere at the barrier, F b , was found to be proportional to v max . The coefficient of proportionality between F b and v max was calculated to be 7.2ϫ10 -6 kg s -1 , or 7.2 nN mm -1 s in more practical units, with a fractional error of 7%. The direction of the force was at 38° from the x-axis towards the bottom of the channel (-38° from the x-axis in the xz-plane). For example, for v max =20 mm s -1 , the x-component, z-component, and absolute value of F b were calculated to be 113±10 nN, -88±8 nN, and 143±10 nN, respectively. The force exerted at the sphere by the flow is balanced by the reaction and friction at the barrier and the bottom of the channel.
For the sphere at Δx=30 μm in front of the barrier and Δz=30 μm above the bottom of the channel (Fig. 2B) at v max =20 mm s . The velocity was directed almost precisely along the bisector of the angle formed by the barrier and the bottom of the channel. Because of the symmetry of the flow with respect to the position of the sphere, we assumed that the principal axis of the tensile force exerted by the flow on the sphere was parallel to the direction of the motion of the sphere. To evaluate the tensile force, we numerically calculated the local force exerted by the moving liquid on different elements of the surface of the sphere and divided the sphere surface into two domains, with positive and negative projections of the local force onto the principal axis. The tensile force exerted on the sphere was calculated as a numeric integral of projections of the surface force onto the principal axis over the domain where the projections were positive. At v max =20 mm s -1 the tensile force was F a =3.0 nN. A numeric integral over the domain with negative surface force was -3.0 nN, and the net force exerted by the flow on the sphere was zero, as imposed by the numeric simulation protocol.
When linearly extrapolated to v max =11 mm s -1 (a typical experimental value), the results of the simulations for a cell at Δx=30 μm in front of the barrier give the force F a =1.6 nN and velocity v y =13.4 mm s -1 and v z =-12.2 mm s -1
. For a cell at the barrier at the same flow conditions, the simulations predict a force THE JOURNAL OF EXPERIMENTAL BIOLOGY F b =79 nN. Because the sphere accelerates as it approaches the barrier, the time required for it to reach the barrier is less than Δz/ν z =2.5 ms. Therefore, the results of the simulations suggest that at the typical experimental conditions, the mechanical stimulus experienced by a dinoflagellate reaching the barrier increases about 48 fold (from F a =1.6 nN to F b =79 nN) within less than 2.5 ms. In the lowest flow rate experiment, which had a flow velocity v max =5.7 mm s -1 , the hydrodynamic force at the barrier was calculated as F b =40 nN.
Experimental results for L. polyedrum strain HJ
Bioluminescence in the test region was only observed when dinoflagellate cells encountered the barrier ( ), most of the cells encountering the barrier produced a flash, and the fraction of the cells displaying fast responses (86%) was higher than at v max =5.7 mm s -1 (Fig. 4B) . The latency of the fast responding cells was 24.8±4.2 ms (Table 1 ) and slowly responding cells had a response latency of 257.0±80.7 ms (N=14).
In experiments with v max у15 mm s -1 , all responses were fast and the distribution of response latencies was narrow (Fig. 4C) Fig. 5 ). However, the flash durations for the pooled data at these three high velocities (70.6±18.9ms; N=95) were significantly different (t-test, t 364 =10.365, P<0.0001) from and 78% greater than those at the two lower velocities (39.9±26.5 ms; N=271 for the pooled data at v max =5.7 and 11 mm s -1 ). Thus, larger hydrodynamic drag on cells at the barrier generally resulted not only in shorter latencies but also in longer duration flashes. (Table 1) . There was a significant difference in response latency for the three strains (ANOVA, F 2,609 =38.672, P<0.001) because the latency for strain CCMP1932 was significantly different (Fisher's PLSD, P<0.0001) and greater than the response latencies of strains HJ and CCMP407, which were not significantly different from each other (Fisher's PLSD, P=0.735). The minimum response latency was 12 ms for strains CCMP1932 and HJ, and 8 ms for strain CCMP407 (Table 1) .
M. I. Latz and others
We also measured the response latencies of two other similarly sized thecate dinoflagellate species, Pyrodinium bahamense and Alexandrium monilatum (Table1). The 22.3±4.8ms response latency of P. bahamense was greater and significantly different (Fisher's PLSD, P<0.001) from the 15.2±2.8 ms latency of A. monilatum and that of L. polyedrum strains HJ and CCMP407 but was not significantly different from the latency of L. polyedrum strain CCMP1932 (P=0.883). The response latency of A. monilatum was not significantly different from those of L. polyedrum strains HJ and CCMP407 (Pу0.846).
Multiple flashing
The response latencies and flash durations reported above were determined for the initial flash produced by cells after they encountered the barrier. Yet it is known that L. polyedrum and other dinoflagellates can produce more than one flash with mechanical stimulation (Widder and Case, 1981b; Latz and Lee, 1995; Latz and Jeong, 1996) . In our microfluidic device many cells were observed to generate multiple luminescent flashes at the barrier. We investigated multiple flashing in detail for cells of L. polyedrum strain HJ, which flashed as many as four times within ~1 s after reaching the barrier. Flashes that might have occurred later were not registered, because our observation window was limited by the 300 frame buffer for video capture. Interestingly, the number of flashes produced by a cell at the barrier never exceeded two at the two highest flow velocities (v max =35 and 61 mm s -1 ; N=374), whereas the number of flashes reached four at the three lowest velocities (v max =5.7, 11 and 15 mm s -1
; N=491 for the pooled data). For cells that flashed three or four times (N=98 cells), the flash duration for pooled data was 43.8±13.2 ms (N=304). There was a significant variation in flash duration with flash number (Fig. 6A ; ANOVA, F 3,300 =17.169, P<0.0001). The duration of the first flash (36.7±8.7 ms; N=98) was significantly different from and smaller than that of the second to fourth flashes (47.3±13.6 ms; N=206), which were not significantly different from each other (Fisher's PLSD, Pу0.156). There was a significant difference (t 194 =5.829, P<0.0001) in the interval between 1st and 2nd flashes (117.5±52.1 ms; N=98) and that between the second and third flashes (65.8±70.5 ms; N=98; Fig. 6B ). As only 11 out of 98 cells were observed to flash four times, the interval between the third and fourth flashes (83.8±33.0 ms) represented only a small subpopulation and was not used for statistical comparison. The minimum interval was ). Bin width is 10 ms between 0 and 100 ms latency and 100 ms between 100 and 600 ms latency. 
THE JOURNAL OF EXPERIMENTAL BIOLOGY
4 ms between first and second flashes and 6 ms between second and third flashes.
DISCUSSION
Dinoflagellate response latency and cellular signaling pathway
The 15-22 ms response latency for dinoflagellate bioluminescence may be adaptive in terms of the ecological role of light emission as a predator defense to reduce the grazing rate of visual predators (Esaias and Curl, 1972; White, 1979) by altering their swimming to disrupt typical feeding behavior . Mechanical stimulation of bioluminescence appears to occur by direct predator contact (Latz et al., 2004b; von Dassow et al., 2005) . Presumably a rapid response after contact with the predator increases the probability that a cell may escape from a predator prior to ingestion. The characteristic response latencies measured for the tested dinoflagellates are similar to those of other aquatic organisms responding to mechanical stimuli in the context of predator avoidance. Minimum response latencies for rapid escape behaviors in aquatic organisms include 10-30ms for fish startle escape behavior (Blaxter and Batty, 1985; Eaton et al., 1988; Preuss and Faber, 2003) , 10ms latency for crayfish responding to tactile stimuli (Wine and Krasne, 1972) , 30ms for the shadow response of copepods (Buskey and Hartline, 2003) , and 7ms for the tail withdrawal reflex of a polychaete (Zoran and Drewes, 1988) . The 2-4ms latency for copepod escape behaviors represents some of the most rapid responses Lenz and Hartline, 1999; Buskey et al., 2002) . These rapid behavioral responses involve specialized neural networks including giant nerve fibers and myelinated nerves (Zoran and Drewes, 1988; Lenz et al., 2000; Weatherby et al., 2000) .
The response latency in dinoflagellates reflects a complex series of cellular events triggered by mechanical stimulation. The timing of the individual steps of the signaling pathway was not resolved in our experiments. The timing is best understood for the large dinoflagellates Noctiluca scintillans and Pyrocystis fusiformis based on measurements of individual cells impaled by an electrode. In N. scintillans the overall response latency is 16-19 ms, with about a 15 ms delay between mechanical stimulation and the tonoplast action potential (Eckert and Sibaoka, 1968 ) and a 1-3 ms delay between the tonoplast action potential and initial light emission (Eckert, 1965b; Eckert, 1965a; Eckert, 1966) . In P. fusiformis the overall response latency is about 17 ms, with a 5 ms delay between mechanical stimulation and the tonoplast action potential and a 12 ms delay between the action potential and the initial production of bioluminescence (Widder and Case, 1981a) . The uncertainties in these values are not stated, so it is unknown to what extent the dissimilar timing for the two phases of the bioluminescence signaling pathway in N. scintillans and P. fusiformis is due to biological variability, methodological differences, or the unusual morphologies of these two non-thecate species (Eckert, 1966; Eckert and Sibaoka, 1968; Swift and Remsen, 1970; Seo and Fritz, 2000) .
The morphologies of the species of dinoflagellates tested in our study are typical of thecate dinoflagellates (Netzel and Durr, 1984; Spector, 1984) . It was expected that these smaller dinoflagellate species would have shorter latency times because of reduced diffusion distances of ions and a smaller surface area of the tonoplast membrane over which the action potential is propagated. However, their response latencies were similar to those of the larger species, perhaps reflecting the ecological value of dinoflagellate bioluminescence as a predator avoidance strategy. The minimum bioluminescence response latency is of interest because it represents the most rapid activity of the signaling pathways. CCMP407, the oldest strain of L. polyedrum, had the shortest minimum latency at 8 ms, while the other strains of L. polyedrum, as well as A. monilatum, had a minimum latency of 12 ms.
At low flow speeds the response latency of L. polyedrum HJ increased sharply. This response pattern is classically known for the electrical stimulation of neurons (Aidley, 1998) and is generally expected of a physiological response in that weaker stimuli will lead to a longer response latency. The pattern is consistent with the bioluminescence responses in fireflies (Buck et al., 1963) , where bioluminescence is mediated through the nervous system and the response latency increases from 10 to 30 ms with decreasing strength of the electrical stimulus. This pattern also occurs with other classes of sensory stimuli, including hearing (Hoy, 1989; Stufflebeam et al., 1998) and vision (Aho et al., 1993) .
Analysis of forces exerted on cells encountering the barrier
A dinoflagellate cell encountering the barrier experiences mechanical stimuli of two kinds. The stimulus of the first kind originates from the hydrodynamic drag on the immobilized cell that lasts as long as the cell stays at the barrier. As follows from the M. I. Latz and others numerical simulations, for v max =11 mm s -1 the hydrodynamic drag amounts to a total force F b =79 nN. The other stimulus is short term and originates from the impulse associated with impact. When a cell comes to a sudden stop at the barrier, there is an inertial force due to the change in momentum. The magnitude of the inertial force can be estimated as F in =p/Δt, where p is the momentum of the cell, the product of its mass and velocity, and Δt is a characteristic time in which the velocity of the cell is reduced from its initial high value to zero. The mass, m, of a cell with a radius of 17.5 μm and density of 1084 kg m -3 (Kamykowski et al., 1992) ). For this inertial force to be equal to the hydrodynamic drag, F b , the impact has to last Δt=p/F b =5 μs, corresponding to a distance Δx=v c Δt=0.085 μm for a cell moving at v c =17 mm s -1 . When a cell comes close to the barrier, the liquid in a thin layer between the cell and the barrier is squeezed radially outwards at a high speed, producing large shear and a region of increased pressure between the cell and the barrier that results in a substantial resisting force (Brenner, 1961) . To model the motion of a cell near the barrier, we again approximate the cell as a sphere with R=17.5 μm and approximate the barrier by an infinite surface in the yz-plane. It is a reasonable approximation, when the distance between the sphere and the barrier is substantially less than ~2.5 μm, the difference between R and the channel depth under the barrier. The resisting force experienced by the sphere moving at a speed v is inversely proportional to the distance from the barrier, x, and is given by (Brenner, 1961) , where μ is the viscosity. For v=v c =17 mm s -1 and x=Δx=0.085 μm, we calculate the resisting force as F r =1150 nN that is ~14 times greater that the hydrodynamic drag at the barrier, F b =79 nN. Therefore, the resisting force near the barrier is expected to become comparable with F b at distances, x, much greater than Δx=0.085 μm, resulting in the impact duration substantially larger than Δt=5 μs, and the impulse during the impact substantially smaller than the eventual drag force at the barrier, F b . Because of the relatively low value of the impulse and short duration of the impact (still much less than 1 ms), the impulse associated with the impact is likely to be of relatively minor significance for the mechanical stimulation of the cells. This suggestion is supported by the observation of multiple flashing of cells immobilized at the barrier and exposed to a steady drag.
Minimum interval between repeated flashes versus minimum response latency
Dinoflagellates, including L. polyedrum, are known to produce more than one flash upon maintained mechanical stimulation (Widder and Case, 1981b; Latz and Lee, 1995; Latz and Jeong, 1996) , but it has been assumed that the refractory period between repeated flashes would be long in comparison to the flash duration. For cells of L. polyedrum trapped at the barrier and experiencing steady hydrodynamic drag, the interval between first and second flashes was 117.5±52.1ms and the interval between second and third flashes was 65.8±70.5ms. Most surprisingly, the minimum interval between flashes was 4 ms, substantially less than the minimum response latency of 12 ms. We hypothesize that repeated flashing involves reactivation of only a subsystem of the entire mechanosensory signaling pathway. One possible candidate is the re-activation of the tonoplast action potential, which has a one-to-one association with a flash (Eckert, 1965a; Widder and Case, 1981a) . Another possibility is that the rate of repeat flashing is limited by the need to restore physiological pH within the cell, because the protonmediated tonoplast action potential leads to acidification of the cytoplasm, which activates the luminescent chemistry (Hastings and Dunlap, 1986; Wilson and Hastings, 1998) . Thus cytoplasm pH must be restored to a physiological level, presumably by tonoplast membrane-associated ATPases that pump protons back into the vacuole.
Comparing mechanical simulation in the microfluidic device to previous flow experiments
To connect the results of this study with previous work on dinoflagellate bioluminescence in fully developed pipe flows, it is instructive to compare the stimuli experienced by a motionless cell at the barrier in the microfluidic device and by a moving cell experiencing shear in fully developed laminar pipe flow. Just as for a cell at the barrier, a cell in shear flow can be modeled as a sphere with radius R=17.5 μm, neglecting any active motion of the cell with respect to the flow. In this case, the net force on the cell is zero, and the cell can be divided into two hemispheres experiencing equal tensile forces, F=(5/2)πR 2 γμ=(5/2)πR 2 τ, in opposing directions (Coufort and Line, 2003) , where γ is the shear rate and τ is the shear stress in the flow. In previous studies, cell response was related to flow properties rather than forces acting on the cell. For example, in pipe flow L. polyedrum luminescence was first detectable in flows where the wall shear stress, τ w , was about 0.3 N m -2 ; this level corresponds to a tensile force F=0.7 nN on each hemisphere of a cell. The fraction of flashing cells at the threshold was estimated as 0.0002 and it increased to 0.11 at τ=1Nm The mechanical stimuli applied to cells in our study were always substantially above the level at which the fraction of luminescent cells in the pipe flow reached the value of ~0.1 . At the lowest tested flow velocity, v max =5.7 mm s -1 , the estimated hydrodynamic force exerted on a cell at the barrier was F b =40nN. The fraction of flashing cells at these conditions was ~0.5, substantially higher than at the highest shear stress in pipe flow, and it further increased at higher v max and F b . The discrepancy in the fractions of flashing cells between the two experiments could be partly due to different observation conditions (imaging of quickly moving versus motionless cells). Furthermore, quantitative comparison between stimuli experienced by a stationary dinoflagellate at the barrier in the microfluidic device and one moving in shear flow is somewhat problematic, because of different distribution of hydrodynamic stress over the cell surface in these two situations. The application of relatively strong stimuli resulted in a high yield of luminescent cells and allowed us to observe the saturation in the response latency at v max у15mms -1 . Thus, it was consistent with the objectives of this study to observe bioluminescent response of a large number of individual cells and to measure the minimal latency.
The response latency and luminescent flow visualization
Dinoflagellate bioluminescence is a useful flow visualization tool for conditions involving levels of shear stress above 0.1 N m -2 , such as the boundary layer flow on a moving dolphin (Rohr et al., 1998) , high shear regions in bioreactors (Chen et al., 2003) , and shear within a breaking wavecrest (Stokes et al., 2004) . By developing a statistical model of the mechanical stimulation of dinoflagellate bioluminescence (Deane and Stokes, 2005) , it can be used for quantitative estimates of shear or dissipation. Because high shears usually occur at high flow speeds, the response latency can lead to considerable downstream advection of organisms from THE JOURNAL OF EXPERIMENTAL BIOLOGY the points of their original stimulation before the luminescence starts. This effect is necessary to take into account this effect for reconstruction of the flow field from the distribution of bioluminescence. For example, in a nozzle flow with a speed of 2 m s -1 (Latz et al., 2004a) , a response latency of 15 ms would result in distances as long as 3 cm between the regions of high shear where cells are stimulated and the regions where cell flashes are observed (Latz et al., 2004a) . The information on dinoflagellate response latency obtained in this study can be incorporated into models relating dinoflagellate bioluminescence intensity to flow fields that cannot be measured using conventional techniques (Deane and Stokes, 2005) .
Conclusions
The present work used a specially made microfluidic device to study the short-time dynamics of mechanosensing of motile dinoflagellates. A hydrodynamic drag was applied to individual cells with a millisecond inception time and the bioluminescence of the cells was recorded and used as a reporter of their response to this mechanical stimulus. The 15-22 ms response latencies observed with different strains of dinoflagellates are similar to those of other aquatic organisms to mechanical stimuli in the context of predator avoidance. This is intriguing because dinoflagellates are protists that appear to use a G-protein-mediated transduction system for mechanosensing. When stimulated continuously, cells often produced multiple flashes with intervals that were sometimes shorter than the initial response latency, suggesting that only a subset of the signal transduction pathway is involved in repeat flashing. Dinoflagellate bioluminescence could serve as a model system for understanding mechanosensing in simple eukaryotes, and the experimental techniques developed in this study could also be applied to studies of mechanosensing in different types of cells and in multicellular organisms. 
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